Summary. Seventy-six phages active against Enterobacter cloacae were isolated from sewage and other sources. They were tested at RTD on 92 selected strains of E. cloacae and their lytic reactions were used to select phages for a typing set. Numerical analysis by the Jaccard coefficient was used to assess the similarity between the phages. A computer-based test selection procedure selected sub-sets of phages to discriminate between all 92 E. cloacae strains and within the most frequent serological groups. A subjective analysis of the candidate phages based on similarity, clarity of plaque and frequency of lysis was combined with the computer selected sub-sets to produce a final set of 25 phages that gave a good theoretical discrimination of clinical isolates of E. cloacae.
Introduction
The serological typing scheme for Enterobacter cloacae described by Gaston et al. (1983) defined 28 0 serotypes. This system has now been used to type approximately 1600 clinical isolates and has proved to be a reliable method for distinguishing between strains. The discrimination provided by this system was similar to that provided by serological schemes for other gram-negative genera but was inadequate for detailed epidemiological studies. To extend the definition of types within the species, bacteriophages (phages) were sought from several sources and were examined for their potential as additional typing tools.
To develop a phage typing set with as wide an application as possible, numerical taxonomy and a test-selection procedure were employed to analyse the lytic reactions of the candidate phages. This report describes the development of the phage typing scheme for E. cloacae and assesses the potential of numerical methods in the selection of phages .
Materials and methods

Strains
All strains of E. cloacae were isolated in British hospitals between 1972 and 1983 and had been serotyped by the methods of Gaston et al. (1983) . Received 2 Jul. 1986; accepted 21 Nov. 1986 .
Media
Bacterial cultures were grown routinely in Tryptone Soya Broth (TSB ; Oxoid) or on MacConkey Agar (Oxoid). Double-strength Nutrient Broth (DSNB ; Oxoid base) containing CaC1, 400 pg/ml was used for phage enrichments of sewage and slurry. Phages were propagated in Nutrient Broth (NB) with CaCl, 400pg/ml (CNB). Phage-typing agar (PTA) was composed of Nutrient Broth powder (Oxoid) 2% w/v, NaClO.5% w/v and agar (Oxoid) 0.7% w/v; CaCl, 0.24% w/v was added to the molten PTA at 50°C before pouring into petri dishes. All incubations with phages were at 32°C for 18 h.
Sources ofphages .
Samples of untreated 24-h settled sewage from five sewage treatment works (STW) in Hertfordshire, Greater London, Avon and Wiltshire in England, and from Dublin in Eire, and samples of bovine waste from a slurry pit on a dairy farm in Wiltshire were examined for phages. Also 18 Klebsiella phages from the typing set of Hessek et al. (1981) and 11 Serratia marcescens phages (Pitt et al. 1980) were tested for activity.
Isolation of phages. A set of 53 distinct strains of E. cloacae was selected as representative of the biotypes and serotypes found in clinical isolates. The set included 34 serological type strains, seven autoagglutinable (rough) strains, five strains with unusual biotypes and seven clinical isolates as additional representatives of the frequent 0 serotypes.
A 5-ml sample of sewage was mixed with 5 ml of DSNB and 0.1 ml of a 6-h NB culture of the enrichment strain. After overnight incubation, 2 ml of chloroform was added and the broth was mixed vigorously for 30 s. Bacterial cells were removed by centrifugation (4000 g, 20 min) and 2 0 4 samples of logarithmic dilutions of the M. A. GASTON supernate were plated on to a PTA plate seeded with a 4-h NB culture of the test strain. After incubation, the bacterial lawn was examined for plaques. A representative of each morphological type of plaque was selected, purified and propagated by standard methods (Adams, 1959) .
Evaluation of phages
Phages were evaluated for their potential usefulness in a typing scheme by testing them at Routine Test Dilution (RTD) on 92 selected strains. RTD was defined as the dilution of phage that just failed to give confluent lysis of its propagating (isolating) strain. This set of strains contained those 53 strains that were used for isolation of the phages and another 39 clinical isolates, including eight strains of serotype 03, nine of 08, 11 0-NT and 10 autoagglutinable strains.
Cultures to be typed were inoculated into 5 ml of TSB and incubated overnight at 37°C. The broth cultures were then diluted 1 in 200 in sterile broth and the surface of a 9-cm diameter PTA plate was flooded with c. 2 ml of this. The excess broth was removed with a pasteur pipette and the plates were dried for 30min at room temperature. The phages were applied with the aid of a multiloop applicator (Lidwell, 1959) that dispensed approximately 0.01 ml of each phage suspension. Plates were incubated for 18 h and the phage reactions were recorded.
A subjective assessment of the phage reactions was made on the basis of the ease with which the phage reaction could be detected and quantified, and the distribution of the lytic reactions on the test strains.
Numerical taxonomy. Computerised taxonomic analysis was done at the University of Leicester with the TAXPAK suite of programs. The phage isolates were compared on the basis of their ability to lyse each of the 92 test strains. For the purposes of the numerical analysis, only reactions with 20 or more plaques were considered to be positive.
The Jaccard coefficient (Sj) was used as the basis of the comparisons :
where a was the number of positive matches, and b and c were the number of dissimilar test results (Sneath and Sokal, 1973) . The unweighted average linkage (UPGMA) algorithm was used to cluster the phages on the basis of the similarity data and the relationships were displayed as a dendrogram.
Test selection. The test selection program (DTA3) was written by the late W. R. Willcox (Willcox and Lapage, 1972) . The separation factor (Gyllenberg, 1963 ; Rypka et al. 1967) of each phage was calculated by the program and the most discriminatory phage was chosen as the first member of the set. The SF of a test was defined as the number of positive reactions multiplied by the number of negatives. Additional phages were chosen sequentially, maximising at each choice the total number of strain strains (considered together) and for several groups of serologically indistinguishable strains, e.g., 03, 08, 0-NT and AA strains.
Selection of the typing set
Phages that were shown by numerical taxonomy to give similar reactions were excluded, as were phages that gave turbid or unclear reactions. The final typing set was constructed from sub-sets chosen by DTA3 but with the addition of a number of phages that had distinctive lytic spectra.
ReSultS
Isolation of phages
Phages were readily isolated from all five samples of sewage. Farm slurry contained far fewer phages active on E. cloacae than sewage. None of the Serratia phages were active on the E. cloacae strains tested but Klebsiella phages 18 and 19 lysed 36% and 18% of E. cloacae strains respectively. The other Klebsiella phages did not react with any of the E. cloacae strains. A total of 76 phages was propagated, six from farm slurry, one (phage 19) from the Klebsiella typing set and 26, 18, 12, 11 and 2 from Hertfordshire, London, Wiltshire, Dublin, and Avon STWs respectively.
Analysis of lytic reactions
The 76 phage preparations were tested on 92 strains of E. cloacae chosen to represent the different phenotypes present in clinical isolates. The distribution of the number of lytic reaction of the phages is given in table I.
Numerical taxonomy. The figure shows the relationships between the phages as determined by Sj and the UPGMA clustering method. This dendrogram revealed a series of relationships within the phage isolates that was very similar to a subjective assessment of the lytic data. There was one loosely associated group of fifteen phages, represented by phages 3 to 55 on the figure which was composed of phages from four different geographical sources. Another loose cluster was represented by the eighteen phages from phage 5 to 58. Five pairs of isolates showed > 85% similarity.
Six phages, designated 1, 5, 8, 21, 29 and 45 in the figure, were not considered for inclusion in the typing set because of their similarity to other phages. Phages 7 and 9 were also discarded because of the turbid nature of their plaques.
Test selection. The lytic reactions of the remaining 68 phages on the 92 strains were analysed by the test selection program DTA3. Table I1 gives the phages that were selected on the basis of their reactions on all of the test strains. This table also shows the differences in the choice of phages when two reaction differences were required before pairs of strains were considered to have been separated. There were 10 phages that were present in both sets, although their relative merit as discriminatory agents differed. The set chosen with the requirement of two reaction differences was included in an attempt to minimise the effect of variability in phage reactions on the discrimination of the typing set. Sets of phages were selected by DTA3 to subdivide the groups of 03, 08, 0-NT and AA strains present in the 92 test strains (table 111) .
Selection of the typing set
The nucleus of phages for the typing set was chosen by combining the phages in the overall (92 strain) set selected by DTA3, with a requirement of two-reaction differences, with the first three phages (ranked in order of separating ability) in each of the four serogroup sets. Some phages, notably phage 13 were not included because a number of similar phages were already contained in the partial set.
Six phages selected for their distinctive and therefore potentially useful reaction patterns were added to the 19 phages chosen from the sets produced by DTA3. The final set of 25 phages is given in table IV together with their separation factors within the 92 test strains.
*The computer program DTA3 could be instructed to allow only one lytic reaction difference to distinguish between pairs of strains (1) or to consider a pair of strains as distinct only if there were at least two differences in their phage susceptibility (2). The separation factor (SF) calculated by the program was a measure of the usefulness of the phage and diminished as previously selected phages reduced the number of strains left unseparated.
Discussion
The methods used for the isolation of the candidate group of phages were standard laboratory procedures (Adams, 1959) but two points were given particular attention. To isolate phages with a wide variety of lytic spectra, several geographically distinct sources were used for the enrichments and the initial batch of 53 isolating strains was selected to be representative of clinical specimens to ensure that a high proportion of the candidate phages were capable of reacting with clinical isolates. The phage typing set for E. cloacae was required to (i) provide fine discrimination within the common serological groups, (ii) to provide a satisfactory level of discrimination within all other serotypes and (iii) to provide a means of comparing serologically non-typable strains. It was apparent that it would have been difficult to select an efficient typing set from the 76 phages without some form of numerical analysis. It was assumed that the efficiency of a phage typing system was proportional to the discrimination provided by that system, and two numerical techniques that were more usually applied to other areas of microbiology were used to select a highly discriminatory set of phages.
Adansonian principles are readily applied to the evaluation of biological groups that give diverse results in a number of test conditions. The Jaccard coefficient was used in this study because it did not include co-negative matches in calculating the similarity between the phages. Numerical taxonomy proved a valuable method for analysing phage data and complemented the subjective analysis. The similarities were used primarily to remove highly related phages that would have been redundant in a typing set but it was also of value in indicating phages with distinctive lytic patterns.
In his discussion of the theoretical aspects of test selection, Pankhurst (1983) referred to minimal test sets. A minimal, and therefore efficient, set may be of any size but must contain just enough tests to discriminate between all the taxonomic units. The best minimal set could be calculated by comparing the discrimination provided by every possible test set. For 76 phages there were 276-1 possible test sets and such an analysis would require a prohibitive amount of computer time. Practical algorithms reduce the number of calculations necessary by the use of factors such as SFs presented in tables 2, 3 and 4 (Gyllenberg, 1963) .
The computer program DTA3 was originally designed to select short biochemical sets for the identification of gram-negative bacteria. This 'exact' approach is probably better suited to biochemical tests than to biological reagents such as phages or bacteriocins. The criticisms that can be applied to the use of test selection with phages fall into three main areas.
(1) The lytic reactions of phages are not as reproducible as the results of biochemical tests.
(2) Biochemical sets are usually designed for identification to a species level but a phage set should be able to divide members of a number of different serotypes which may require different phages for optimal discrimination. One solution to this could have been to select a variety of "short sets" for individual common 0-serotypes. This was thought to be impractical for E. cloacae.
(3) The groups that are to be distinguished by the typing set are not fixed, as they would be for an identification set. There is probably no definite number of distinguishable phage types in a given bacterial species and the number of "types" that can be recognised by the system depends upon the number of strains that have been typed with the reagents. Potentially over 33 million types could be described with a typing set of twenty-five phages. The large number of lytic patterns that are found in gram-negative species is one of the reasons why comparison of phage reactions in P . aeruginosa and S . marcexens are commonly based on patterns rather than on types (Asheshov, 1974; Pitt et al., 1980) . The three problem areas outlined above do not preclude the use of test selection techniques for phages, but they serve to emphasise why the initial database used in the selection should be as large and representative as possible.
